Abstract An alternate method of preparing actinide alpha counting sources was developed in place of electrodeposition or lanthanide fluoride micro-precipitation. The method uses lanthanide hydroxide micro-precipitation to avoid the use of hazardous hydrofluoric acid. It provides a quicker, simpler, and safer way of preparing actinide alpha counting sources in routine, production-type laboratories that process many samples daily.
Introduction
Since the 2011 earthquake in Japan, and the subsequent Fukushima Daiichi Nuclear Power Plant accident, emergency preparedness for radiological incidents has become a higher priority than ever before. For example, the National Institute of Standards and Technology (NIST) offers radiobioassay and environmental samples for emergency preparedness exercises as a part of the NIST Radiochemistry Intercomparison Program (NRIP) [1, 2] . In 2014, the Integrated Consortium of Laboratory Networks (ICLN) conducted an exercise involving a radiological dispersive device (RDD) [3] , which involved radiobioassay, environmental, and food samples. These exercises prepare laboratories with radioactivity measurement capabilities to provide rapid analysis in radiological emergency situations involving improvised nuclear devices (INDs), RDDs, and nuclear power plant failures. In emergency situations, quick turnaround time is essential in order to screen for potential exposure of the general public and contamination of the environment and food supplies. In addition, the number of samples a laboratory may receive in such a situation can be much higher than what it routinely processes; therefore, rapid analysis procedures are vital to avoid delay in obtaining results.
The Dosimetry Services Group (DSG) at the Oak Ridge National Laboratory (ORNL) provides in vitro radiobioassay analyses of actinides, fission products, and other analytes used at the facility, as part of its routine program to monitor radiological workers for potential occupational exposure to radioactive materials. The routine procedures often take several days to weeks to complete. For example, the routine analysis of measuring americium-241 takes at least 5 days to complete. This includes sample receipt and log-in, sample preparation, radiochemical separation, count source preparation, alpha activity measurement, and data analysis. This turnaround time is considered to be acceptable for routine situations, since no internal exposure is expected. However, in the event of a radiological incident, a shorter turnaround time will be a priority.
To measure activities of alpha emitting radionuclides, it is necessary to prepare a solid sample containing the element of interest that is chemically pure, thin, and evenly distributed throughout the surface. One way of preparing such a sample is by electrodeposition. There have been many studies on electrodeposition of actinides using a variety of matrices, such as ammonium sulfate solution [4] , ammonium acetate matrix [5] , and a sodium hydrogen sulfate/sulfuric acid/ammonium hydroxide buffer system [6] . These techniques can provide thin, evenly distributed actinide sources. However, these are often time-consuming and labor-intensive. For example, the DSG employs a sulfuric acid/ammonium hydroxide solution for electrodeposition. This electrodeposition procedure takes 8 h, including evaporation, refluxing with concentrated sulfuric acid at high heat, pH adjustment, and actual electrodeposition. Another popular method of preparing alpha counting sources is by lanthanide fluoride micro-precipitation [7] [8] [9] [10] . This method is relatively simple and fast. Typically, the steps include addition of a carrier, precipitation with concentrated hydrofluoric acid, filtration, and drying the filter. These procedures may take 30 min to 1 h. However, it requires the use of concentrated hydrofluoric acid, which is highly toxic; mishandling of this chemical can result in serious injury. It would be highly desirable to employ a less toxic reagent than hydrofluoric acid. Actinides are also known to form precipitate as hydroxides. Sill et al. have described lanthanide hydroxide micro-precipitation for alpha spectrometry source preparation of actinides using ethylenediaminetetraacetic acid (EDTA) [11] . Nelson et al. have also describe the use of lanthanide hydroxide micro-precipitation for the preparation of thorium alpha count sources [12] ; however, no details of the analytical method were provided.
In this paper, we describe an alternative way of preparing alpha spectrometry counting sources using lanthanide hydroxide micro-precipitation without the use of either hydrofluoric acid or EDTA. It is faster and simpler than the typical electrodeposition procedure. The aim of this study is to provide a less complex, quicker, and safer way to produce alpha counting sources for routine, production-type laboratories without using hazardous chemicals. The proposed technique is also useful in emergency situations where a large number of samples need to be processed quickly.
Experimental
Tracer solutions (Th: SRM4342, U: SRM4324, Np: SRM4341, Pu: SRM4334D, Am: SRM4332D) were purchased from NIST (Gaithersburg, MD). All chemicals used in this study were analytical grade, and the water was purified by a Millipore system (Billerica, MA). A Resolve filter, disposable funnels, and a vacuum box were purchased from Eichrom Technologies LLC (Lisle, IL). Cerium chloride (III) heptahydrate was purchased from Aldrich (St. Louis, MO).
The chemical recovery of the analytical procedure was calculated by the ratio of the analyte found at the end of the procedure to the analyte added at the beginning. In practice, it is calculated using Eq. (1).
where R is the recovery, C is the net count, t is the counting time, is the counting efficiency, A is the activity added, and abn is the abundance of the alpha decay. The counting efficiency was determined using a NIST-traceable multi-nuclide alpha measurement standard (Analytics, Atlanta, GA). Loss of analyte can occur during every step such as sample preparation, chemical separation, and source preparation. To simplify the recovery calculation, in this study, we did not perform the sample preparation and radiochemical separation steps. That is, the tracer solution, typically ranging from 0.01 to 0.02 Bq, was added directly to a 50 mL plastic centrifuge tube (Fisher Scientific, Pittsburg, PA) containing the eluting solution for different elements. Hence, the recoveries presented in this paper only reflect the combined efficiencies of precipitate formation and filtration. The eluting solutions used in this study were based on the methods using TEVA, UTEVA, and TRU resins from Eichrom Technologies LLC [13, 14] , which are the following: 20 mL of 1 M hydrochloric acid for uranium, 20 mL of 9 M hydrochloric acid for thorium, 20 mL of rongalite solution 1 for neptunium and plutonium, and 15 mL of 4 M hydrochloric acid for americium. It must be noted that precipitation formation has to be carried out on purified actinide fraction to avoid interferences from precipitating metals such as iron, aluminum, and lanthanides. After thorough mixing, a cerium carrier solution and a pH indicator solution were added to each sample. For uranium and neptunium samples, a varying amount of concentrated hydrogen peroxide was added to enhance precipitate formation. Then ammonium hydroxide was added until the indicator changed color; after cooling in an ice bath, the precipitate was filtered through a 0.1 lm polypropylene filter that was pre-soaked with 80 % ethanol. Once filtered, the precipitate on the filter was washed with 80 % ethanol and then air-dried. The dried filter was mounted on a labeled stainless steel disk and counted in an alpha chamber (ORTEC OCTET Plus, Oak Ridge, TN) for 1000 min. During the alpha counting, a collodion thin film was placed between the sample and the detector to prevent recoil particles from contaminating the detector surface [15] .
Results and discussion

Recovery vs pH
First, the efficiency of precipitate formation versus pH was tested. Since this study is aimed at developing a procedure for routine production-type laboratories as well as responding to large numbers of samples in case of a radiological incident, the procedure should be as simple as possible. To achieve that, two commonly used pH indicator solutions were employed for establishing the end point of the precipitation, rather than using a pH meter. By using these indicator solutions instead of a pH meter, many samples can be processed at once by a single technician. The indicators used were bromocresol purple (SigmaAldrich, St. Louis, MO) and thymol blue (LabChem, Zelienople, PA), whose color-changing pH ranges are 5.2-6.8 and 8.0-9.6, respectively. Figure 1 shows the mean recoveries for the different actinide elements precipitated using the two indicator solutions. All analytical results in this paper are from at least four replicates, and the uncertainties are the standard deviations of the replicates expressed with k = 1. Neptunium and plutonium recoveries showed no statistical differences between the two pH indicators; however, thorium and uranium showed statistically better recoveries when the pH range was lower (with bromocresol purple). On the other hand, americium showed substantially better recovery at a higher pH range (with thymol blue). These results illustrate that the recoveries depend on selecting the appropriate indicator solution for the actinide. When the appropriate indicator solutions were selected, mean micro-precipitation recoveries of actinides tested in this study were above 85 %. Figure 2a , b shows the effects of the amount of carrier on the recovery (2a) and peak resolution (2b) for americium-243. The amount of cerium carrier was varied from 12.5 to 200 lg. As can be seen from the figures, there was no statistical difference in the recoveries for the range of carrier amount used. However, the resolution measured by the full-width-at-half-maximum (FWHM) increased with increasing amounts of the carrier. This can be problematic especially for americium-243 and americium-241 where the alpha energy difference is only about 200 keV. From a practical standpoint, there should be no peak overlap as long as the carrier amount is 50 lg or less when using 20 mBq each of tracer (americium-243) and spike (americium-241) and counting for 1000 min. The horizontal line in Fig. 2b indicates the mean FWHM for the americium-243 peak from the electrodeposited disks. When the amount of carrier was reduced to 25 lg, the mean FWHM matched that for electrodeposited disks. Figure 3 shows the effect of standing time after pH adjustment on recoveries. The standing time between pH adjustment and filtration was varied from 1 min (filtered immediately after adjusting pH) to 60 min. During the standing time, the solution was kept in an ice bath, except for the 1-min standing time which was filtered immediately after adjusting pH. For both plutonium and americium, the results show that the recovery is independent of the standing time over the range of 1-60 min. Also, since the 1-min standing was not in an ice bath, standing temperature does not appear to affect the recovery. Reduced standing time may be especially useful in emergency situations when quick turnaround time is desired. In practice, Fig. 1 Mean recovery of actinides using bromocresol purple (BCP) and thymol blue (TB)
Amount of cerium carrier vs recovery and resolution for americium
Recovery vs standing time in ice bath
precipitates can be filtered immediately after the pH is adjusted to the end point and the solution is mixed well.
Comparison of the peak resolution of sources prepared by electrodeposition and microprecipitation Figure 4 compares the resolutions obtained for an americium quality control sample prepared by the electrodeposition (blue) and the hydroxide micro-precipitation (red).
As can be seen, the spectra from two methods show comparable resolutions. The routine electrodeposition procedure takes 8 h after the column separation, while the proposed lanthanide hydroxide precipitation procedure only takes \30 min. This improves the overall turnaround time.
Recovery vs amount of hydrogen peroxide Figure 5 shows the effect of varying amounts of hydrogen peroxide on the recovery. As can be seen, without the addition of hydrogen peroxide, the recoveries of uranium and neptunium were around 5 %. Adding 0.2 mL of concentrated hydrogen peroxide improved the recoveries to about 90 %. However, the reason why uranium and neptunium recoveries are very low without addition of hydrogen peroxide is unknown. Hydrogen peroxide can adjust the oxidation state of cerium to tetravalent (?IV) Fig. 2 a Americium recovery at various cerium carrier amount. b Effect of cerium carrier amount on FWHM of americium peak. The horizontal straight line indicates the mean FWHM for electrodeposited sample [11] . A cerium hydroxide precipitate with tetravalent oxidation state is yellow whereas trivalent (?III) oxidation state is white. That means, after the precipitate is filtered, it is easier to tell on which side of the filter the precipitate is attached, when cerium is in tetravalent state. Therefore, from a practical stand point, hydrogen peroxide should be added to all samples including actinides which can nevertheless be precipitated without it.
Summary of the results
In this study, we have demonstrated the feasibility of preparing alpha count sources using a lanthanide hydroxide micro-precipitation method. There are several advantages over other methods such as electrodeposition and lanthanide fluoride micro-precipitation. Compared with electrodeposition, this method is simpler, faster, and minimizes hazardous chemical handling. There is no need for evaporation of the final eluate from the separation column. The precipitate can be produced directly in the final eluate fraction by adding the carrier, pH indicator and hydrogen peroxide, and raising the pH. The end point of precipitation can be found easily by using a proper indicator solution. Also, there is no need for expensive equipment, such as a platinum electrode and an electrodeposition station; and no additional hazardous chemical such as sulfuric acid is needed. Unlike lanthanide fluoride micro-precipitation, this method does not require the use of concentrated hydrofluoric acid. Hydrofluoric acid is highly toxic; mishandling of it may result in injuries. Therefore, microprecipitation without hydrofluoric acid offers a significant advantage over fluoride precipitation. The entire procedure for alpha source preparation can be as simple as: (1) adding 50 lg of carrier, 1 drop of indicator (thymol blue for americium and bromocresol purple for thorium, uranium, neptunium and plutonium), and 0.2 mL of hydrogen peroxide to the final eluate from the radiochemical separation, (2) adjusting the pH to the indicator's color changing point, and (3) filtering through 0.1 lm polypropylene filter and drying it. The entire process may take up to 30 min. For thorium samples, care has to be taken as 9 M hydrochloric acid will react vigorously with concentrated ammonium hydroxide. Therefore, the final fraction should be first diluted with water, and then adjust pH to end point. Alternatively, the thorium final fraction can be evaporated and re-constituted with dilute acid.
Conclusions
In this study, we have proposed an alternate method of producing an alpha counting source using lanthanide hydroxide micro-precipitation. The preparation can be completed in 30 min after column elution, which will enable quicker turnaround time for routine, production type laboratories.
In radiological emergencies, laboratories may have to process large numbers of samples in a very short period of time. In such scenarios, a quick turnaround time is desired to screen possibly exposed personnel or contaminated materials. Also, laboratory workers who may not routinely perform source preparation may have to help process samples to meet the quick turnaround time. Therefore, a simpler procedure that does not use highly hazardous chemicals such as hydrofluoric acid offers significant advantages. Technicians may need only minimal training owing to the reduced procedure complexity and increased safety resulting from eliminating heat and hazardous chemicals. 
